Introduction
The efficiency of a Rankine cycle is defined, in large part, by the pressure and the temperature of the steam both entering and leaving the turbine. The cycle efficiency can be improved either by raising the pressure and the temperature at the inlet to the turbine, or decreasing the pressure and the temperature at the outlet.
The steam conditions at the turbine outlet are defined by the temperature at which the steam is condensed and the latent heat of vaporization can be transferred to the environment. The lowest ambient temperature available is the wet bulb temperature; thus, most power plants use an evaporation process to provide the cooling water source for the condenser. However, the principal heat transfer mechanism in a wet cooling tower is evaporation. As a result, approximately 1 pound of water must be evaporated for each pound of steam condensed, and the water consumption in a large power plant can be significant. For example, an 80 MWe parabolic trough solar plant, operating with a capacity factor of 27 percent, will consume about 725,000 tons of water per year.
For sites which have a limited supply of water, heat can be rejected to the environment by condensing turbine exhaust steam at the dry bulb, rather than the wet bulb, temperature. For desert sites, design values for the dry bulb and the wet bulb temperatures are about 104 °F and 68 °F, respectively. Compared with a turbine inlet temperature of 703 °F, a difference of 36 °F in the steam condensation temperature does not appear significant. However, the work performed in the turbine expansion process is defined as ∫ν dP, where ν is the fluid specific volume and dP is the change in pressure. With a turbine inlet pressure of 1,450 lb f /in 2 , and an outlet pressure of 1.07 lb f /in 2 defined by a condensation temperature of 104 °F, a theoretical overall pressure ratio of 1,360 can be achieved. However, an outlet pressure of 0.34 lb f /in 2 , defined by a condensation temperature of 68 °F, results in an overall pressure ratio of 4,260. Granted, the theoretical pressure ratios cannot be achieved due to economic limits on heat exchange area. Nonetheless, it is clear that small changes in the condensation temperature can have a large influence on the expansion ratio, and therefore the work performed by the steam.
An economic analysis was conducted to determine 1) the preferred design conditions for a dry cooling tower, and 2) the anticipated increase in the levelized cost of energy due the selection of a dry, rather than a wet, cooling tower. For the purposes of the analysis, the power plant was assumed to be an 80 MWe parabolic trough facility located near Barstow, California. The study was conducted through the following steps:
• A model of an 80 MWe Rankine cycle using an air cooled condenser was developed using the GateCycle program (Reference 1). Six models were developed, with initial temperature differences between 24 °F and 49 °F. (Initial temperature difference is defined as Dry bulb temperature -Steam condensation temperature.) For each of the six models, estimates of turbine output and cooling fan power demand were made for dry bulb temperatures between 40 °F and 130 °F.
• A histogram of the hourly dry bulb temperatures, at direct normal radiation values above 250 W/m 2 , was assembled for Barstow. For each of the six models, the predicted turbine output and fan power demand at each of the 21 ambient temperatures in the histogram was multiplied by the number of hours at each temperature, and the outputs summed to estimate the annual plant performance.
• Capital cost estimates for the air cooled condenser in each of the six models were developed. The relative economic benefits among the six models were plotted for a range of energy values between $60/MWhe and $140/MWhe to determine the sensitivity of the preferred initial temperature difference on the selling price of electric energy.
• A second model of an 80 MWe Rankine cycle, this using a wet cooling tower, was developed with the GateCycle program. One case was developed, with a condenser cooling water temperature range of 22 °F and a cooling tower approach to the wet bulb temperature of 12 °F.
• A histogram of the hourly dry bulb temperatures and coincident relative humidities, at direct normal radiation values above 250 W/m 2 , was assembled for Barstow. From these data, an equation relating dry bulb temperature and annual average relative humidity was developed.
• Estimates of turbine output, cooling fan power, and water consumption for the wet heat rejection case were made for combinations of dry bulb temperatures between 40 °F and 130 °F and the corresponding relative humidities. From this, equations for estimating Rankine cycle performance were developed for use in the Excelergy computer program. The annual net electric output and water consumption of the plant were then estimated.
• Estimates of the capital costs and the operating costs for the six plants with a dry heat rejection system, and the one plant with the wet heat rejection system, were developed. The costs were used as inputs to an annual cash flow analysis to determine the levelized energy costs for the seven cases.
• For the dry heat rejection case with the lowest energy cost, additional GateCycle calculations were performed to estimate the turbine output if the maximum exhaust pressure was limited to 8 in. HgA during those periods in which the dry bulb temperature exceeded 110 °F. Equations of turbine output and fan power demand as a function of dry bulb temperature were incorporated in the Excelergy computer program, from which the annual net electric output and levelized energy cost were estimated.
--A list of the hourly dry bulb temperatures was derived from the Excelergy weather file DAG_TMY2_hr. 
Dry Bulb Temperature Distribution
The design parameters for the heat exchangers are listed in Table 1 , and the calculated areas and fan power requirements are shown in Table 2 . As expected, both the heat transfer areas and the fan power requirements are inversely proportional to the initial temperature difference.
Air cooled condenser heat transfer areas were calculated for the 6 initial temperature differences of 24 °F, 29 °F, 34 °F, 39 °F, 44 °F, and 49 °F. The calculations were based on a dry bulb temperature of 106 °F, which is not exceed for all but 1 percent of the hours each year at Barstow. An allowance for subcooling the water leaving the condenser by 2 °F is provided to ensure the flow to the condensate pump is single-phase.
Air Cooled Condenser Sizes

Task 2 Wet/Dry Heat Rejection Analysis
Dry Heat Rejection
The procedure for determining the performance and the operating cost for the air cooled condenser in a plant with dry heat rejection is outlined below.
Rankine Cycle
The Rankine cycle design closely followed that developed by Fichtner for the 55 For each of the air cooled condenser areas listed in Table 2 , the performance of the turbine was modeled for a series of dry bulb temperatures in the range of 40 °F to 130 °F. From this, equations were developed for estimating turbine output as a function of the dry bulb temperature. Gross turbine outputs and fan power demands were then calculated for each of the 21 temperature bins. The gross power outputs and the fan power demands were multiplied by the hours in each bin, and then summed over the year to estimate the annual gross output, the annual fan energy demand, and the net plant output. The results are shown in Table 3 .
Parametric Studies
The line labeled "Net incremental output, MWhe" is the net output compared to the net output at a selected reference initial temperature difference of 44 °F. The line labeled "Allowable incremental capital cost, $" is calculated as follows:
The gross output increases uniformly as the initial temperature difference decreases. However, the highest net output occurs with an initial temperature difference of 29 °F; the incremental increase in the fan energy demand at 24 °F compared to 29 °F is higher than the incremental increase in gross output. Table 3 Air Cooled Condenser Parametric Studies For the purposes of the study, a fixed charge rate of 0.15 has been assumed.
The line labeled "Condenser cost, $" is derived from the data shown in Figure 4 The "Incremental capital cost, $" is the capital cost of the condenser compared to the capital cost of the condenser at the selected reference initial temperature difference of 44 °F. The "Net cost benefit" is the incremental capital cost minus the allowable incremental capital cost.
The results for the six initial temperature differences, at each of five energy values between $60/MWhe and $140/MWhe, are illustrated in Figure 5 . The ordinate locations of the curves are arbitrary since the adoption of a reference initial temperature difference of 44 °F was also arbitrary. The curves show the optimum initial temperature difference is likely to be in the range of 35 °F to 40 °F. Further, the curves show the optimum temperature difference is, to a large degree, insensitive to the selling price of the electric energy.
As noted in Table 3 , the analyses assumed the Rankine cycle operated at full load throughout the year. This simplifying assumption was made to determine the sensitivity of the preferred initial temperature difference on the overall plant economics. A more detailed performance and economic analysis, based on the Excelergy program, is discussed in Section 4. 
Task 2 Wet/Dry Heat Rejection Analysis
Additional GateCycle Calculations
With an air cooled condenser area of 2,645,000 ft 2 , corresponding to the nominal preferred initial temperature difference of 39 °F, the condenser pressure reaches 8 in. HgA with an ambient temperature of about 108 °F. With an ambient temperature of 130 °F, the condenser pressure reaches (on a theoretical basis) 14.2 in. HgA.
In practice, the condenser pressure is likely to be limited to a value of about 8 in. HgA to prevent excessive aerodynamic loads on the last stage blades. To model the effect of this constraint on the output of the turbine, a series of additional GateCycle calculations were made at ambient temperatures of 110 °F, 120 °F, and 130 °F with the main steam flow rate reduced to the point where the condenser pressure does not exceed 8 in. HgA.
The results are illustrated in Figure 6 . The upper lines represents the turbine output with no constraints on the condenser pressure, and the lower line shows the turbine output with the pressure limited to 8 in. HgA. With ambient temperatures of 120 °F and 130 °F, the turbine output must be reduced by a significant 31 percent and 55 percent, respectively. However, a review of the dry bulb temperature histogram for Barstow in Figure 2 shows only a limited number of hours with temperatures above 110 °F. As a result, the effect on the annual plant output due a constraint on the condenser pressure should be minor. The effect is explored on a quantitative basis in Sections 4 and 5 below. 
Wet Heat Rejection
The procedure for estimating the performance of a plant with a wet mechanical draft cooling tower is outlined below.
Rankine Cycle
The Rankine cycle design for a plant with a wet heat rejection system follows very closely the design for a plant with a dry heat rejection system. The principal changes are the deletion of the air cooled condenser, and the addition of a surface condenser, the wet cooling towers, a circulating water pump, and a makeup water source. The GateCycle flow diagram is shown in Figure 7 .
The design condenser pressure is 1.23 lb f /in 2 for both the dry and the wet heat rejection systems; thus, the gross cycle efficiency is 0.375 for both plants.
Wet Cooling Tower Capacity
The capacities of the wet cooling tower were selected by the GateCycle program, based on a dry bulb temperature of 106 °F and a coincident wet bulb temperature of 68 °F. This combination of temperatures is not expected to be exceeded for all but 1 percent of the hours each year. The characteristics of the cooling tower are summarized in Table 4 . 
Annual Performance Calculations
The performance of a wet cooling tower is calculated by the GateCycle program using a combination of the dry bulb temperature and the relative humidity. However, the data contained in the Excelergy weather file DAG_TMY2_hr lists dry bulb temperature and dew point temperature. The relative humidities were calculated from the dew point temperatures using the standard expression, as follows: 
Figure 8 Dry Bulb Temperatures and Calculated Coincident Relative Humidities
Using the equation shown in Figure 8 , a representative annual relative humidity was developed for each dry bulb temperature. From this information, the gross plant output and cooling tower water consumption were calculated for a series of dry bulb temperatures between 40 °F and 120 °F. The results, summarized in Table 5 , show the plant output to be essentially invariant with the ambient temperature. However, the cooling tower water use varies inversely with the ambient temperature. Strictly speaking, numerous relative humidities are associated with each dry bulb temperature, as illustrated in the data points of Figure 8 . Fortunately, for sites with low relative humidities during the summer, the performance of the Rankine cycle is essentially invariant with the dry bulb temperature. As a result, assigning only one relative humidity to each dry bulb temperature should result in an annual energy estimate which is very close to a more complex analysis involving a three-dimensional surface fit of gross output as a function of dry bulb temperature and relative humidity.
A combination of an essentially constant turbine output and an inverse relationship between ambient temperature and water use should be characteristic of a desert location. In essence, the cooling tower always transfer heats to the environment under favorable conditions: When the ambient temperature is high, the relative humidity is low; and when the relative humidity is high, the ambient temperature is low. However, at other plant locations in which the relative humidity is not a strong function of the ambient temperature, the turbine output is likely to decline on hot days.
Annual Plant Performance
The net electric outputs for the plants with dry and wet heat rejection were estimated using the Excelergy computer program. The plant designs were based on the characteristics listed in Table 6 . 
Dry Heat Rejection
The gross output of the Rankine cycle was calculated using the standard Excelergy format, as follows: Nth = .Qtpb / Qdesign Nel = T2EPLF0 + (T2EPLF1)(Nth) + (T2EPLF2)(Nth) 2 + (T2EPLF3)(Nth) 3 + (T2EPLF4)(Nth) 4 .EgrSol = Edesign * Nel where .Qtpb is the thermal power to the steam generator at each time step, Qdesign is the design thermal power to the steam generator, .EgrSol is the gross turbine output at each time step, and Edesign is the design gross turbine output. The part load thermal-to-electric coefficients T2EPLF0 through T2EPLF4 are the default Excelergy values; i.e., the ratio of part load to full load Rankine cycle efficiency is assumed to be independent of the heat rejection system.
The effect of the ambient temperature on the gross cycle output is also modeled using the standard Excelergy format, as follows: Ntc = TempCorr0 + TempCorr1 * Ttc + TempCorr2 * Ttc 2 + TempCorr3 * Ttc 3 + TempCorr4 * Ttc where Ttc is the dry bulb temperature, and the five coefficients TempCorr0 through TempCorr4 are derived from a fourth order polynomial fit of GateCycle calculations of the gross turbine output plotted as a function of the dry bulb temperature.
The gross turbine output assumes all 14 cooling tower fans are in operation when the turbine is operating at or near full load, regardless of the ambient temperature. In principal, it may be possible to turn off some of the fans at low ambient temperatures to reduce the parasitic energy demand. To explore the potential energy savings, a series of GateCycle calculations were performed for the following conditions: 60 °F ambient temperature; 50 percent relative humidity; and 8 to 14 fans in operation. The results are illustrated in Figure 9 . With 11 to 14 fans in operation, the reduction in parasitic energy demand associated with isolating a fan was essentially equal to the reduction in the gross output of the turbine due to an increase in the condenser pressure, and the net output of the plant remained nearly constant. However, with fewer than 11 fans in operation, the performance degradation due to the increase in the condenser pressure was larger than the savings in fan energy, and the net output decreased. For the purposes of the study, the fan power calculation assumed that all fans were in operation whenever the turbine was in operation at or near full load. On a related point, the GateCycle calculations for fan power consumption are based on an air velocity at the entrance to the tube bank of 11.5 ft/sec. As such, the mass flow rate and fan power consumption are inversely related to the ambient air temperature. For example, with an ambient temperature of 40 °F, the power demand of each fan is 219 kWe; at 140 °F, the demand falls to 182 kWe. A polynomial expression is included in the Excelergy parasitic block calculations to model this effect, as follows:
where .EparCt is the cooling tower energy demand at each time step, CtPar is the fan power demand at the design point, the coefficients CtParP0 through CtParF2 adjust the fan power demand with the ambient temperature, and .PbLoad is the ratio of gross electric output at each time step to the design electric output. As such, the number of cooling tower fans in operation is assumed to be proportional to the turbine output.
Wet Heat Rejection
The gross output of the Rankine cycle was calculated using a modified Excelergy format for wet cooling towers. The effect of the wet bulb temperature on the Rankine output was modeled as follows: At the design point, the parasitic energy consumption was estimated to be 881 kWe for the cooling tower fans, and 653 kWe for the circulating water pumps. For combinations of ambient temperature and Rankine cycle output other than the design point, the energy demand was calculated as follows:
where the coefficients CtParP0 through CtParF2 are based on GateCycle calculations which adjust the fan and the circulating water pump power demands with the ambient temperature.
Annual Performance Comparison
The results of the annual performance calculations for the dry and the wet heat rejection cases are shown in Table 7 . Cases 1 through 6 use dry heat rejection systems, with initial temperature differences of 24 °F to 49 °F, respectively. Case 7 is the same as Case 4, but with the condenser pressure limited to 8 in. HgA.. Case 8 uses a wet heat rejection system.
The dry heat rejection cases deliver 91 to 96 percent of the annual electric energy supplied by the wet heat rejection case, and have annual solar-to-electric efficiencies 0.5 to 0.7 percentage points lower. However, the annual water use for the dry cases is only about 8 percent of that for the wet case. 
Economic Analysis
Levelized energy costs were calculated for the plants with dry and wet cooling using the year-by-year cash flow analysis within Excelergy. The input financial parameters to the model are listed in Table 8 . The capital cost for the plant with wet cooling was developed from the default values in Excelergy. As a point of reference, the default estimate within Excelergy for 'General Balance of Plant and Cooling' was compared with an independent estimate of the wet heat rejection system from References 2 and 3. The results are shown in Table 9 . 
$6,792,000 $5,717,000
Assuming the Excelergy estimate includes balance of plant items other than the wet heat rejection system, such as a compressed air system, the two estimates are in reasonable agreement.
The capital costs for the seven plants with dry cooling were developed by subtracting the 'General Balance of Plant and Cooling' estimate from the default Excelergy values, and then adding the cost of the air cooled condensers. To this was added an allowance of $1 million for those items within 'General Balance of Plant and Cooling' which were not associated with the wet heat rejection system.
The annual operation and maintenance costs for the plant with both dry and wet heat rejection systems were developed from the default values in Excelergy.
The results of the levelized energy cost calculations are shown in Table 10 . Thus, the use of a dry heat rejection system imposes a nominal 8 to 9 percent penalty on the levelized cost of energy.
With further optimization efforts, the expected penalty could perhaps be reduced to values in the range of 7 to 8 percent. Potential improvements include the following:
• Reducing the capital cost of the air cooled condenser by optimizing the tube and fin geometry in conjunction with the design air velocity and the fan power demand
• Reducing the parasitic energy demand by optimizing a schedule for fan speed settings as a function of turbine output and ambient temperature.
As noted in Table 8 , the cost of raw water is estimated to be $1.40 per 1000 gallons. On a conceptual level, the cost for water could rise to the point where the cost of energy for a plant with wet cooling is equal to the cost of energy from a plant with dry cooling. A brief economic analysis shows the required cost of water to be $14.80 per 1000 gallons, which is about a factor of 10 higher than current prices.
On a point related to the selection of the optimum initial temperature difference for the air cooled condenser, initial considerations might lead to the selection of a low value for the design initial temperature difference. The cost of energy from a solar project is higher than from a fossil-fired plant; thus, small approach temperatures for the heat exchangers should be justified. However, the capacity factor of a solar power plant without thermal storage is no higher than 28 percent. As a result, there are only a limited number of hours in a year in which the capital investment in the larger heat exchanger can be recovered. This characteristic, coupled with the limited number of hours in a year in which the ambient temperature exceeds 110 °F, leads to the selection of an air cooled condenser with a relatively high initial temperature difference, and relatively high turbine performance penalties on hot days.
